14 Purpose: The aim was to determine effects of diluent monomer and monocalcium 15 phosphate monohydrate (MCPM) on polymerization kinetics and volumetric stability, 16 apatite precipitation, strontium release and fatigue of novel dual-paste composites for 17 vertebroplasty. 18 Materials and methods: Polypropylene (PPGDMA) or triethylene (TEGDMA) glycol 19 dimethacrylates (25 wt%) diluents were combined with urethane dimethacrylate (70 20 wt%) and hydroxyethyl methacrylate (5 wt%). 70 wt% filler containing glass particles, 21 glass fibers (20 wt%) and polylysine (5 wt%) was added. Benzoyl peroxide and MCPM 22 (10 or 20 wt%) or N-tolyglycine glycidyl methacrylate and tristrontium phosphate (15 23 wt%) were included to give initiator or activator pastes. Commercial PMMA (Simplex) 24 and bone composite (Cortoss) were used for comparison.
25
ATR-FTIR was used to determine thermal activated polymerization kinetics of initiator 26 pastes at 50-80 ⁰C. Paste stability, following storage at 4-37 ⁰C, was assessed visually 27 or through mixed paste polymerization kinetics at 25 C. Polymerization shrinkage and 28 heat generation were calculated from final monomer conversions. Subsequent 29 expansion and surface apatite precipitation in simulated body fluid (SBF) were 30 assessed gravimetrically and via SEM. Strontium release into water was assessed 31 using ICP-MS. Biaxial flexural strength (BFS) and fatigue properties were determined 32 at 37 C after 4 weeks in SBF. The addition of monocalcium phosphate (MCPM) and tri calcium/strontium phosphates 98 (TCP / TSrP) into dental composites has been shown to promote hygroscopic 99 expansion which could potentially balance polymerisation shrinkage and relieve 100 residual shrinkage stress [17, 18] . The addition of these reactive phosphates also 101 enabled surface apatite formation which is known to correlate with in vivo bone 102 bonding [19, 20] . Apatite formation can also be enhanced by the addition of polylysine 103 (PLS) [17] . Furthermore, strontium can promote osteoblast proliferation and maturation 104 whilst inhibiting osteoclast activities [21] [22] [23] . It will also enhance radiopacity [24] , which 105 may facilitate the surgical procedure and enable follow up with radiographs.
106 Injected bone composites should be able to withstand the fluctuating and repetitive 107 loads during physical activities [25] . This may then help to prevent mechanical failure 108 due to crack propagation induced by repetitive subcritical loads (fatigue failure). A 109 recent study [26] indicated that high strength values of composites displayed under 110 static loading were not directly related to fatigue performance. Fatigue of various 111 materials was previously assessed by generating stress versus number of cycles curve 112 (S-N curve) during simulated fatigue [27, 28] . At a given applied stress, the steep 113 gradient of S-N plot was associated with a significant reduction in failure cycles [29] .
114 Therefore, a low gradient rather than high gradient was preferable in terms of fatigue 115 performance [30] .
116
The aim of this study was to compare TEGDMA/UDMA versus PPGDMA/UDMA-117 based bone composites with added Ca/Sr phosphates (MCPM and TSrP) and 118 polylysine (PLS). Initiator paste stability, kinetics of polymerization, final monomer 119 conversions, polymerization shrinkage and heat generation, water sorption induced 120 mass and volume changes, surface apatite formation, strontium release, and biaxial 121 flexural strength / fatigue were assessed. The effect of MCPM levels (5 wt% versus 10 122 wt%) and type of diluent monomers (TEGDMA versus PPGDMA) were examined. Where and were the absorbance of the C-O peak (1320 cm -1 ) above ∆ 0 ∆ 180 background level at 1335 cm -1 initially and after time t and dD c /dt was the gradient of 181 conversion versus time. Furthermore, final monomer conversion, D c,max , was 182 calculated by linear extrapolation of conversion versus inverse time to zero.
183
An example of a monomer conversion and reaction rate profile is shown in Fig 1A and 184 B. These demonstrate a delay time (inhibition time) before rapid rise in monomer 185 conversion (snap set). Maximum rate is observed between 10-40% conversion with 186 the reaction slowing significantly thereafter. 
190
The standard mechanism of free radical polymerisation of dimethacrylate monomers 191 includes, initiation, inhibition, propagation, crosslinking and termination steps. Using 192 this mechanism, with the stationary state assumption that the concentration of free = [ ]
195
[X] is the initial concentration of inhibitor and R i the rate of initiation. Furthermore, rate 196 of polymerization (R p ) can be described using the following equation [31] .
197
Equation 4 = [ ]
198
[M] is the monomer concentration and k p and k t rate constants for propagation and 199 termination steps. Combining equations 3 and 4, is therefore expected to be 200 independent of rate of initiation and given by the following equation. = -217 T is temperature in Kelvin and R the gas constant. A is a pre-exponential factor that is 218 related to the frequency of molecular collisions between reacting species and E a , the 219 activation energy required for them to react.
220
Combining equations 3,4 and 6, ln(1/t i ) or lnR p,max versus 1/T are expected to be linear 221 if E a is temperature independent. In the following, these were plotted, and used to 222 obtain activation energies for the initiation step and monomer conversion respectively.
223
These plots were also extrapolated to estimate times of inhibition and 50% monomer 224 conversion at 4, 23, and 37 C. These times provided estimates of when pastes might 225 be expected to start polymerizing and solidify respectively. ∆ (%) =
where M 0 and V 0 is initial mass and volume, whilst M t and V t are mass and volume at 267 time t after immersion. 268
Surface apatite formation 269
To assess ability of materials to promote surface apatite formation, disc specimens 270 were immersed in SBF and incubated at 37 °C for 1 week (n=1 
Where is the load at failure (N), is the specimens thickness (m), is the radius of 299 circular support (m), and is Poison's ratio (0.3).
300
For assessing fatigue performance, a sinusoidal load of 5 Hz [28] was applied to 301 specimens using 80%, 70%, 60%, and 50% of mean BFS (n=20, 5 specimens per 302 each level of stress respectively. M 10 TEG inhibition time, however, showed a significant increase from 53 380 s at 24 hr to 104 s at 12 months of pre-aging (R 2 = 0.77, p = 0.02). exhibited comparable R p,max to commercial materials (Fig 4-B) . Average for R p,max t i
397
PPGDMA, TEGDMA, Cortoss and Simplex were 4.7, 2.5, 5.4 and 10.9 %s -0.5 398 respectively.
399
Final monomer conversions (D c,max ) of experimental bone composites were higher than 400 that of Cortoss (64  1 %) (Fig 4-C 
405
Additionally, monomer conversion of the composites was increased by 5 % upon 406 decreasing MCPM level from 10 to 5 wt%.
407
Average calculated polymerization shrinkage and heat generation of TEGDMA-based 408 experimental bone composites (5 vol% and 0.13 kJ/cc) were slightly higher than those 409 of PPGDMA-based composites (4 vol% and 0.10 kJ/cc) (Fig 4-D) . Factorial analysis 410 indicated that the calculated shrinkage and heat generation were increased by 22% The cumulative release of Sr 2+ increased linearly with time (hr) (Fig 7) . 456 The highest and lowest BFS of materials tested in SBF at controlled temperature of 37 457°C was obtained from Simplex (137 ± 4 MPa) and M 10 PPG (54 ± 2 MPa) respectively 458 (Fig 8-A) . M 5 PPG had a comparable BFS (63 ± 3 MPa) to M 5 TEG (67 ± 4 MPa). The
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459
BFS of M 5 TEG was significantly higher than that of M 10 PPG (54 ± 2 MPa), M 10 TEG (57 460 ± 2 MPa), and Cortoss (58 ± 2 MPa). Factorial analysis showed that BFS was 461 increased by 18 ± 5 % upon decreasing MCPM level, whilst the effect of diluent 462 monomers was negligible.
463
BFS versus logarithm of failure cycle number (S/N curve) gave straight line plots with 464 negative gradients (Fig 8-B) . The most negative gradient was observed with Simplex 465 (-17.7 ± 2.6 MPa/log cycle) (Fig 8-C) . The gradients for M 5 PPG (-6.7 ± 0.5 MPa/log 466 cycle), M 10 PPG (-5.9 ± 1.5 MPa/log cycle), M 5 TEG (-5.9 ± 1.4 MPa/log cycle), M 10 TEG 467 (-5.6 ± 0.8 MPa/log cycle) and Cortoss (-6.0 ± 0.3 MPa/log cycle) were comparable.
468
Factorial analysis indicated that the effect of MCPM level and diluent monomers were 469 negligible.
470
Extrapolated failure cycle values (fatigue life) at 10 MPa for the experimental 471 composites (7.5 -8.2 log cycle) were not significantly different from that for the 472 commercial materials (7.8 -7.9 log cycle) (Fig 8-D) . Additionally, factorial analysis 473 showed that MCPM level and diluent monomer had no significant effect on the fatigue 474 life. 
497
In this study, a temperature-controlled FTIR-ATR system was employed to monitor 498 polymerization kinetics. As paste at room temperature was placed on the hotter ATR 499 plate and reaction kinetics are highly sensitive to temperature a potential error arises 500 due to the time taken for the paste to reach the ATR temperature. This is reduced 501 through use of thin samples. For the elevated temperature studies, this error was 502 further minimized through ensuring inhibition times were more than 60 s. with decreasing temperature, however, could be alternative free radical inhibition and 573 termination reactions when the reaction is slow. These alternative radical removal 574 reactions might also result in loss of the benzoyl peroxide initiator upon storage. This 575 could then explain the increase in inhibition time of mixed pastes following long-term 576 TEGDMA initiator paste storage.
577
The higher pre-exponential term for the polymerization propagation step observed with 578 the TEGDMA initiator pastes is to be expected if higher concentration of free radicals 579 are generated. The higher activation energy for the propagation step may be due to 580 the TEGDMA radicals requiring more energy than UDMA or PPGDMA radicals to react 581 with UDMA monomer. 
